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Abstract: The synthesis and characterization of 1—3-nm diameter, structurally well-defined, bimetallic AuAg
dendrimer-encapsulated nanoparticles (DENs) are reported. Three different bimetallic structures were
examined: AuAg alloys synthesized by cocomplexation and subsequent reduction of dendrimer-
encapsulated Aus™ and Ag* and core/shell [Au](Ag) and [AuAg alloy](Ag) structures (for structured materials,
brackets indicate the core metal and parentheses indicate the shell metal) synthesized by a sequential
loading method. Depending on the shell metal and its oxidation state, the AuAg nanopatrticles can be
extracted from the dendrimer into an organic phase using different surfactants. This provides a means for
analyzing the composition of the shell. UV—vis, TEM, and single-particle X-ray energy dispersive
spectroscopy (EDS) were used to characterize the bimetallic DENs before and after extraction and show
that the extraction step does not alter the size or composition of the bimetallic nanopatrticles.

Introduction Scheme 1
55AuCI, nAgNO,
Here we report the synthesis and characterization-63-1 / BH, e Ascorbic acid L4
nm diameter bimetallic AuAg dendrimer-encapsulated nano- Aus DEN [Aussl(Ag,)
particles (DENSY 3 having both alloy and core/shell structures. %! ” corefshell DEN
We further show that, depending on the surface metal and its
oxidation state, these nanoparticles can be extracted from the 27'5(‘“”08"; AGNO,) Ascn:r:'i:c"; —
. : ) . . : X
dendrimer into an organic phase using appropriate ligfAds. huAdi DEN (AvAge(Ai)

Specifically, three structurally unique bimetallic materials were core/shell DEN

synthesized and characterized (Scheme 1): AuAg alloys, core/

shell [Au](Ag), and core/shell [AuAg alloy](Ag) structures (for  can be extracted usingralkanoic acidsS. Thus, this selective
structured materials, brackets indicate the core metal andextraction strategy provides an important new tool for chemical
parentheses indicate the shell metdl)All three types of analysis of the structure of bimetallic nanoparticles in th@&1
bimetallic DENs can be extracted from their dendrimer hosts nm diameter size range. In addition to selective extraction;-UV
usingn-alkanethiol ligands present in a reducing environment. vis spectroscopy, high-resolution transmission electron micros-
In contrast, only those DENs having an oxidized Ag surface copy (TEM), and single-particle X-ray energy dispersive
spectroscopy (EDS) were used to characterize the bimetallic
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Bimetallic Palladium-Gold Dendrimer-Encapsulated Catalysts Am. Dendrimer Templates for the Formation of Gold Nanoclustelacromol-
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and P£0%2! Bimetallic PdPt DENs can also be prepared by alkanethiol ligands as extractants. The model we proposed to
cocomplexation of the two corresponding metal complexes by explain extraction involves insertion of the thiol group into the
interior amines of hydroxyl-terminated PAMAM dendrimers, dendrimer, partial functionalization of the Au DEN surface with
followed by reductiorf. The size and composition of the n-alkanethiols, extraction of the DEN as a monolayer-protected
resulting DENs were found to depend on the metal-complex- cluster (MPC{’ and then additional passivation of the MPC
to-dendrimer ratio and the relative percentages of each metalsurface withn-alkanethiol ligand$. Additional studies have
complex, respectively. Similar results have been reported by shown that it is possible to selectively extract monometallic Au
Chung and Rhee for PdPt and PdRh bimetallic DENSMore and Ag DENs from a mixture usingalkanethiol andh-alkanoic
recently, we demonstrated that core/shell PdAu bimetallic DENs acid ligands that are selective for each of the two métalsese
can be prepared using a sequential-loading approddtis studies were based on earlier findings that such ligands would
technique involves selective reduction of the shell metal onto a selectively self-assemble onto planar metal surfaces patterned
core or seed of the first metal. By choosing a weak reducing with different materialg8
agent for the second step, the reduction can be efficiently AuAg bimetallic nanoparticles having different structures and
catalyzed by the seed of the first metal. This approach ensuresAu/Ag ratios are one of the most widely studied bimetallic
that the shell metal only deposits onto the pre-existing créfs.  systems in the literatu8: 4> These materials display interesting
Regardless of how they are prepared, both PdPt and PdAu DENsoptical properties that are dependent not only on the percentage
possess enhanced catalytic efficiency for the hydrogenation ofelemental composition of the component elements but also on
allyl alcohol compared to physical mixtures of analogous their geometrical arrangement, specifically, whether the nano-
monometallic DENS.” particle is composed of a random alloy or has a core/shell
While the dendrimer templating method has obvious advan- structure®® AuAg alloy nanoparticles are usually synthesized
tages for the synthesis of highly monodisperse bimetallic by the simultaneous reduction of both salts in solutf;*14647
nanoparticles, physical characterization of such small entities while core/shell [Au](Ag) or [Ag](Au) nanoparticles have been
remains a challenge. We have addressed this issue by developingynthesized by controlled deposition of the shell metal onto a

a new selective extraction method that provides information Seed of the core meté:3233.353830nly a few of these studies

about the chemical identity of the nanoparticle shell. This
method, which will be discussed in detail later, builds on our
earlier finding that size-monodisperse*Rdd Ar® nanoparticles
can be extracted intact from dendrimer templates using
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report AuAg bimetallic nanoparticles having diameters less than OH[Auss](Agn) (n = 95, 254, 450) DENs were synthesized by adding

5 nm3842-4448 and of those that do only offedescribes the ~ 10nuL of 2.0 MM AgNG; to 10.0 mL of G6-OH(Aws) in the presence
synthesis of core/shell structures. of a 2-fold molar excess of ascorbic acid. The solution was diluted

The goal of this studv is the template svnthesis of allov and with water prior to addition of AgN@to maintain the total metal
9 y P Y y concentration at 110M. G6-OH[Aw,75A027.4(Auy) (n = 95, 254, 506)

core/shell AuAg bimetallic nanoparticles and characterization DENSs were prepared in a similar manner starting with G6-OH{4u
of their structure and properties using BVis spectroscopy, ~ Agar9) alloy seeds. Specifically, TuL of 2.0 mM HAUCL, were added
TEM, and a new chemical approach based on selective {; 5y aqueous solution containing the G6-OHjA#g27 4 seeds and

extraction. AuAg nanoparticles with alloy structures are syn- a molar equivalent of ascorbic acid (based on the amount 8f Au

thesized by the cocomplexation method in which both metals addedy’

are loaded into the dendrimer and simultaneously reduced with  G8-OH(AwscAg2s0) DENS prepared by the cocomplexation route

NaBH,. The sequential loading method was used to synthesize were synthesized by addition of 148 of a 0.010 mM aqueous solution

core/shell materials having either Ag or Au shells. In all cases of G8-OH to 199 mL of water. 25@L of both 2.0 mM AgNQ and

the resulting bimetallic nanoparticles ar® nm in diameter. 2.0 mM HAuCl, were subsequently addedj thg solution was stirred for

A key aspect of this work involves the selective extraction of 1 min, and 50QL of a 10 mM NaBH solution in 0.3 M NaOHwas

the nanoparticles from within their dendrimer hosts based on ao_lded with vigorous stirring. The r_esul_tlng faintly colored solution was

the chemical composition of the shell layer. We believe that it(')rgad f_or Seve(r)?l hours a;tert:’hmh time the volume was reduced to
.U mL on a rotary evaporator.

such chemical approaches to structural analysis will become ', .- .01 of Bim):etallicpAuAg DENSs. Extraction of Aus, (AUs7 s

increasingly important for characterizing nanoparticles having Ag279), [Ausd(Agn), and [AtsAgzr4(Au,) DENS from within their

diameters in the interesting size range ef3Lnm. dendrimer templates usimgalkanethiol ligands was carried out in the
presence of excess NaBMA 5.0 mL aliquot of a 20.0 mM solution
Experimental Section of n-dodecanethiol in hexane was added to 5.0 mL of an aqueous 110

uM DEN solution, and the biphasic mixture was shaken vigorously
for 2 min. Extraction of (Ad;5Agz7.5 and [Auss](Agn) nanoparticles

(in the absence of reducing agent) usingnaadkanoic acid was carried

out as follows: 5.0 mL of a 250 mM solution efundecanoic acid in
hexane was added to 5.0 mL of an aqueous ZWODEN solution

(pH = 8.0) followed by vortexing for 30 s. After extraction of the
DENSs as thiolated-MPCs (MPC-RSHKB,)), the organic phase was
isolated and excess ligand was removed by dissolution in etfanol.
Removal of excess-dodecanethiol is necessary to prevent burning of
the samples when they are examined by electron microscopy. Specif-
ically, the organic phase was concentrated to 0.50 mL on a rotary
evaporator, and then 10.0 mL of EtOH was added to the concentrate.
This results in precipitation of the MPCs, which are insoluble in ethanol.
The solution was subsequently centrifuged (12 000 rpm for 10 min),
and then the precipitate was isolated and resuspended in hexane. Excess
n-dodecanethiol that might have been present in the organic phase
remains in the supernatant due to its solubility in EtOH. Excess
- ‘ n-undecanoic acid was not removed from the corresponding MPC-
Au.1049%0 Before addition of the shell metal the seed solution was R coOH[AW:(Ag,) composites as it did not interfere with the electron
neutralized by addition of 550L of 0.3 M HCI. microscopy.

The following method was used to prepare G6-OHARg.7.5 alloy Characterization. Absorption spectra were recorded using a Hewlett-
DENS by the cocomplexation route. A 2.0 mL aliquot of a 0.010 MM packard HP 8453 UMvis spectrometer. The optical path length was
aqueous solution of G6-OH was added to 197.0 mL of water, followed 4 g cm, and as appropriate either water, hexane, and 20.0 mM
by the addition of 27aL of both 2.0 mM AgNQ and 2.0 mM HAuCI. n-dodecanethiol in hexane or 250 miMundecanoic acid in hexane
After stirring for no more than 2 min, 550L of a 10 mM NaBH was used as the reference.
solution in 0.3 M NaOH were added with vigorous stirring. After
stirring for several hours, the solution was reduced in volume to 10.0

mL on a rotary evaporator and dialyzed against deionized water (400 mesh, Electron Microscopy Sciences, Fort Washington, PA), which
overnight. had been pretreated by glow-discharge to render the carbon surface
Bimetallic AuAg DENS prepared by sequential loading of metal ions - sjightly hydrophilic and then allowing the solvent to evaporate in air.
began with either G6-OH(Ak) or G6-OH(Aly7.5Ag275) DENS. The Samples of bimetallic MPCs were prepared as described above but
nomenclature G6-OH[A(Br), where A is the core metal and Bis the  jithout the pretreatment step, which was unnecessary because the MPCs
shell metal, is used for the sequentially prepared bimetallic DENs. G6- gre hydrophobic and adhere well to the untreated carbon surface. Single-
particle EDS was used to confirm that the bimetallic nanoparticles
(46) Harq’ S. XYI Ki.”"TYE"MKi"ijKN'.Dg’de)?Sge‘hiﬁgDE%i?’S“i\?? IA“i/QQ g"‘l‘leitg”ic consisted of two metals before and after extraction. EDS analysis was

|n?er?§ge §§'}igga 208 272-278. & asis. ol carried out at the SHaRE User Center in the Metals and Ceramics

(47) Liz-Marzan, L. M.; Philipse, A. P. Stable Hydrosols of Metallic and  Division of Oak Ridge National Laboratory using a Philips CM200FEG
Bimetallic Nanoparticles Immobilized on Imogolite FibrdsPhys. Chem.

Materials. Sixth- and eighth-generation hydroxyl-terminated PAM-
AM dendrimers (G6-OH and G8-OH, respectively) having ethylene-
diamine cores were obtained as-1Z6% methanol solutions from
Dendritech Inc. (Midland, MI). HAuGlI AgNOs ascorbic acid,
n-undecanoic acid)-dodecanethiol, hexane, and NaBffhe Aldrich
Chemical Co., Milwaukee, WI) were used without further purification.
18 MQ-cm Milli-Q deionized water (Millipore, Bedford, MA) was used
to prepare aqueous solutions.

Preparation of Bimetallic AuAg DENs. G6-OH(Auss) DEN seeds
were prepared by adding 2.0 mL of a 0.010 mM G6-OH solution to
6.9 mL of water followed by the addition of 550L of 2.0 mM
HAuUCI,.2° This results in an average stoichiometric loading of 55 Au
ions per dendrimer. After stirring for less than 2 min, 5800f a 10
mM NaBH, solution in 0.3 M NaORwere added followed by stirring
overnight. It is important to minimize the stirring time before addition
of the NaBH, because it has been shown that peripheral hydroxyl
groups have sufficient reducing power to convert AiGb zerovalent

Samples of bimetallic DENs were prepared for TEM analysis by
depositing a drop of the DEN solution on a carbon-coated Cu grid

1995 99, 1512015128, 200 kV TEM equipped with an Oxford light-element EDS detector
(48) Sandhyarani, N.; Pradeep, T. Crystalline Solids of Alloy Clus@hem. and an EMISPEC Vision data acquisition system. The single-particle
Mater. 2009 12, 1755-1761. EDS data were collected using a tilt angle 6f&n acceleration voltage

(49) West, R.; Wang, Y.; Goodson, T. Nonlinear Absorption Properties in Novel
Gold Nanostructured Topologie Phys. Chem. B003 107, 3419-3426.

(50) Lee, W. I.; Bae, Y.; Bard, A. J. Strong Blue Photoluminescence and ECL (51) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis
from OH-Terminated PAMAM Dendrimers in the Absence of Gold of Thiol-derivatised Gold Nanoparticles in a Two-phase Ligtlidgbuid
NanoparticlesJ. Am. Chem. So2004 126, 8358-8359. System J. Chem. Soc., Chem. Commuif94 801—802.
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0.6 T T T T OH(Auss) exhibits a monotonically increasing absorbance
— G6-OH(Au,,) toward higher energi€d. This spectrum is suggestive of Au
0.5 = = G6-OH(Auy, Ag,,.) 1 nanoparticles that are less than 2 nm in diam&te® because
o larger Au particles give rise to a characteristic surface plasmon
2 04 A band at~520 nm (which is absent here). The YVis spectrum
-E 03l | of the G6-OH[Au75Ag027.9 DENSs in Figure 1 reveals a broad
S N - peak cen_tered atASO nm. However, the spec_trum of Ag-only
2 ozl TN N | nanoparticles having a diameter-e8 nm consists of a single,
narrow plasmon band that appears at 39FH#RAN early report
01k N i of the absorption spectra of AuAg allo¥%,which were
S~ synthesized by melting Au and Ag, showed that there is a linear
0.0 . . . . dependence oimax On the composition of the nanoparticles.
300 400 500 600 700 800 Subsequently this relationship was found to apply to AuAg
Wavelength (nm) alloys formed by coreductiof:*147 What this means is that
Figure 1. UV —vis spectra of G6-OH(Ags) and G6-OH(Au7 sAg27.9) DEN AuAg alloys exhibit a single peak in their absorption spectra,
seeds. The total metal concentration in both cases was 0.11 mM. and the position shifts continuously from that of pure At60

nm) to that of pure Ag{390 nm) as the Ag/Au molar ratio in
of 200 kV, a collection time of 100 s, and a 1.5-nm diameter probe in the nanoparticles increas€s 4!Accordingly, imax for a AuAg
the stopped-scan mode. To minimize localized contamination (“burn- alloy containing 50 at. % of each metal was found to occur in
ing”) under the high probe current required for the single-particle EDS, the range of 450 to 460 ni&f:*! The position ofimaxin Figure
samples were cleaned by exposure to an Ar plasma for 5 min and an1 (~450 nm) is within this range, and thus the optical
O, plasma for 10 min prior to analysis. Integrated intensities from the spectroscopy results are consistent with the presence of AuAg
Ag Loy and the Au loy  lines were used for quantification, because  pimetallic DENs containing equal percentages of Au and Ag.

they did not overlap other X-ray emission lines. Figure 2 shows representative TEM micrographs and particle-
Results and Discussion size distributions of G6-OH(A4s) and G6-OH(Au7Ag27.9

Synthesis of Aus and AuzzsAgzrs DEN Seeds.G6-OH DENSs. The G6-OH(Ass) DENs have a diameter of 14 0.2

dendrimers were used as templates for the synthesis of bimetallic"™: while the G6-OH(Abr.5Ad27.9 DENS have an average size

AuAg DENSs. Although we have previously shown that hy- of 1.5+ 0.6 nm. These values agree with previously reported
droxyl-terminated dendrimers can themselves reduc¥ Aai resultst®26although both are slightly larger than the calculated

i _
zerovalent Au, resulting in agglomeration of A2 addition value of 1.2 nnf! This discrepancy arises partly from the
of the BH,~ reducing agent within several minutes of mixing mherent resqlutlon limit of the TEM, while the slightly larger
the AU+ and dendrimer solutions leads to nearly monodisperse diScrepancy in the case of G6-OH(AwAgz7.5) DENs may be
DENs2026 The synthesis of AuAg DEN alloys by cocomplex- a result of limited aggregation that occurs during the concentra-

ation requires that the concentrations of the metal complexes!o" St€P-
be controlled to avoid formation of AgCl, that is, to ensure that ~ [AUl(Ag) and [AuAg](Au) Core/Shell DENs Prepared by
the Ksp of AgCl is not exceede®. As a result, the total metal ~ Sequential Loading. The synthesis of core/shell DENs was
concentration used for preparation of the bimetallic cores was carried out as depicted in Scheme 1. The metal seed was
5.5uM for G6-OH(Auz7.5A027.5), compared to 0.11 mM for G6- synthesized as described in the previous section, and then the
OH(Auss). After synthesis, the concentration of the G6-OH- shell metal was catalytically reduced onto the seed. The use of
[Au75Ad27.d DENs was increased to 0.11 mM by removing @ weak reducing agent (ascorbic acid) ensured that nucleation
solvent by rotary evaporation. We chose to use magic number Of the shell metal was confined to the seed DENSs. The synthesis
metal-to-dendrimer ratios for the nanoparticle cores, because®f G6-OH[Auss|(Agn) (n = 95, 254, 450) core/shell DENs
these result in energetically favorable structi#es:5*Further, started from G6-OH(Ask) seeds, while G6-OH[A4t sAQ27 -
we have recently shown that Au DENs synthesized using magic (Aun) (0 = 95, 254, 506) core/shell bimetallic DENs were
number ratios (55 and 140) are significantly more monodisperse Prepared using G6-OH(AysAgz7.5) seeds. G6-OH(Au sAg27.5)
in size than Au DENSs prepared with non-magic number rdflos. seeds were used instead of G6-OH{ég because near-
The size (measured by TEM) of Au DENs containing magic monodisperse Ag DENs are difficult to reproducibly synthesize
numbers of atoms are very close to the values calculated bydue to the weak interaction between’Agnd the interior amines
assuming that the materials are spherical in shape. — : : :
Figure 1 shows UV spectia of 0.11 m aqueous (59 K0,V Vainer, ptes Foperis et Cutoomes,
solutions of G6-OH(Ags) and G6-OH(Ay7sAg275) DENS. (57) Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; Shafigullin, M. N.; Vezmar,
Consistent with previously reported results, the spectrum of G6- I. W., R. L. Optical Absorption Spectra of Nanocrystal Gold Molecules

Phys. Chem. B997, 101, 3706-3712.
(58) Daniel, M.-C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular

(52) Garcia, M. E.; Baker, L. A.; Crooks, R. M. Preparation and Characterization Chemistry, Quantum-Size Related Properties, and Applications toward
of Dendrimer-Gold Colloid Nanocompositesnal. Chem1999 71, 256— Biology, Catalysis, and Nanotechnologghem. Re. 2004 104, 293—
258. 346.

(53) Whetten, R. L.; Khoury, J. T.; Alvarez, M. M.; Murthy, S.; Vezmar, |.; (59) Henglein, A.; Mulvaney, P.; Linnert, T. Chemistry of Agn Aggregates in
Wang, Z. L.; Stephens, P. W.; Cleveland, C. L.; Luedtke, W. D.; Landman, Aqueous Solution: Nonmetallic Oligomeric Clusters and Metallic Proper-
U. Nanocrystal Gold MoleculesAdv. Mater. 1996 8, 428-433. ties Faraday Discuss1991 92, 31—44.

(54) Schmid, G. Large Clusters and Colloids. Metals in the Embryonic .State (60) Linnert, T.; Mulvaney, P.; Henglein, A.; Weller, H. Long-Lived Nonmetallic
Chem. Re. 1992 92, 1709-1727. Silver Clusters in Aqueous Solution: Preparation and Photolysiam.

(55) Leff, D. V.; O'Hara, P. C.; Heath, J. R.; Gelbart, W. M. Thermodynamic Chem. Soc199Q 112 4657-4664.

Control of Gold Nanocrystal Size: Experiment and ThedryPhys. Chem. (61) n= 47R%3V,. nis total number of moles of metaR is the particle radius,
1995 99, 7036-7041. andVj is the average molar volume of Au and Ag.
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Figure 2. TEM micrographs and particle-size distributions of the (a) G6-OH¢Aand (b) G6-OH(Aur 5Ag27.5) DEN seeds.

of PAMAM dendrimers®1112 A clear increase in the size of  the absorption spectrum appears similar to that of pure Ag; that
the G6-OH[Aus](Agrn) nanoparticles is observed as the amount is, only a single peak is present.
of Ag*™ added to the solution increases (see Supporting Informa-  To the best of our knowledge no detailed bVis spectros-
tion). Specifically, whem = 0, 95, 254, and 450, the particle  copy studies have previously been performed on AuAg core/
sizes are 1.4- 0.2, 1.6+ 0.3, 1.94 0.3, and 2.4+ 0.3 nm, shell particles having core diameters 2 nm, and therefore
respectively. it is not possible to directly compare the data in Figure 3a with
Figure 3a shows U¥vis absorbance spectra of G6-OHEAu literature reports. However, our results are entirely consistent
seeds and the series of G6-OHRAI(Ag) (n = 95, 254, 450) with the description of UV-vis spectroscopic data for AuAg
core/shell bimetallic DENs. Prior to deposition of Ag, the Au core/shell particles having Au cores in the range ef26
seed spectrum is featureless and monotonically increases towareim30-3133|n these cases, the deposition of a small amount of
higher energy. However, as Ag is deposited onto the Au seed,Ag onto a Au core results in the appearance of the Ag plasmon
two plasmon bands appear. For example, in the spectrum ofband at 400 nm and a concomitanfiO0 nm blue shift of the
G6-OH[Ausg](Ages) there is a narrow plasmon band corre- Au plasmon band. Additional deposition of Ag onto the Au
sponding to the Ag shell at 410 nm and a broader plasmon bandcore leads to an increase in the intensity of the band at 400 nm,
at 510 nm arising from the Au core. The presence of two peaks which continues to grow in intensity at the expense of the Au
is consistent with theory. Specifically, Liz-Marzan and Philipse plasmon band until the latter eventually disapp@@?$.33
have calculated the absorption spectra of AuAg core/shell  There is one interesting difference in the spectroscopy of core/
particles having diameters of £8.1 nm using Mie theory and  shell particles having42 nm Au cores that is not consistent
shown that, at all molar ratios examined, characteristic featureswith the larger materials. The spectra of Au nanopartict@s
of both Au and Ag are presett.The contrast between the nmin diameter always exhibit a characteristic Au plasmon band
spectra of these materials (two peaks) and the alloys (a singleat ~ 520 nm. As mentioned earlier,-2 nm Au nanoparticles
peak, Figure 1) is a good indication that the G6-OH{#Aggs) are too small for this band to develop. Note, however, that in
DENSs have a core/shell structure. Moreover, as the Ag contentFigure 3a an Au plasmon band at 510 nm, which was initially
of the DENs increases, the absorbance at 410 nm increases buibsent, emerges once Ag is deposited onto the Au core. We
the peak does not shift as would be expected in the case ofbelieve this is a consequence of two effects, both of which are
alloys. For the largest core/shell structure, G6-OHENAg50), attributable to the presence of the Ag shell: an increase in
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Figure 3. UV —vis absorbance spectra of G6-OH@useeds and the G6-
OH[Auss|(Agn) (n = 95, 254, 450) series of core/shell bimetallic nanopar-
ticles (a) before extraction, (b) after extraction witkdodecanethiol in
hexane, and (c) after extraction withundecanoic acid in hexane. The
dendrimer concentration was 20 for all the starting DEN solutions.

electron density on the Au cd"® and a diminution of the
plasmon damping due to surface scattering of the conduction
electrons’:63

After obtaining the spectra shown in Figure 3a, the G6-OH-
[Ausg](Agn) (n = 95, 254, 450) core/shell nanoparticles were
extracted from within the dendrimers usinglodecanethiol. As

discussed earlier, this extraction experiment provides a meansgg)

for characterizing the outermost shell of the nanoparticle. Figure
3b shows UV-vis absorbance spectra for [&}(Agn) core/shell

nanoparticles extracted from G6-OH dendrimers in the presence

of a reducing agent (MPC-RSH[Ag}(Agn), n = 95, 254, 450).
The spectra of the core/shell MPCs exhibit a single peak that

moves to higher energy as the Ag loading increases, and thus

they are different than the corresponding DENSs. There are two

possible reasons for these differences. First, the environment

of the metal surface of the MPCs is different than that of the

(62) Mulvaney, P. Surface Plasmon Spectroscopy of Nanosized Metal Particles
Langmuir1996 12, 788-800.

(63) Link, S.; El-Sayed, M. A. Optical Properties and Ultrafast Dynamics of
Metallic NanocrystalsAnnu. Re. Phys. Chem2003 54, 331—366.
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DENSs, and it is known that changes in solvent and adsorbed
ligands have a profound influence over the position of the
plasmon band in Au and Ag nanoparticfé§4%¢ Second, the
core/shell DENs may lose some of their structure during
extraction. Note, however, that neither the particle size nor the
composition changes upon extraction (vide infra). Additionally,
there is no evidence for metal nanopatrticles in the aqueous phase
after extraction. We conclude, therefore, that extraction proceeds
just as it does for monometallic nanopartié¢l&sbut that there
may be some scrambling of the nanoparticle structure in the
case of the core/shell materials due to strong-#iol interac-
tions. The likelihood of such rearrangements occurring is
enhanced because Au and Ag are completely miscible at all
compositions, have similar lattice parameters, and are known
to translate from core/shell structures to alloys over time even
at room temperaturé,

The extraction of G6-OH[Ast](Agn) (n = 95, 254, 450)
DENSs described in the previous paragraph was carried out in
the presence of a reducing agent (see Experimental Section).
This ensures that the Ag shell is fully reduced, which in turn
permits self-assembly of-alkanethiols onto the surface of the
nanoparticle$€”-68 There have also been reports describing the
formation of self-assembled monolayers (SAMshedlkanoic
acids onto Ag, Cu, and Al surfaces, providing there is a native
oxide layer preserf®~72 Importantly,n-alkanoic acid SAMs do
not form on oxide-free metals such as zerovalent Au. Indeed,
we have previously shown that in the absence of a reducing
agent-alkanoic acids will selectively extract Ag nanoparticles
(having a native oxide over-layer) from a mixture of monome-
tallic Au DENSs (no surface oxide) and Ag DER&Ve can use
this finding to confirm the presence of a Ag shell on the Au-
core/Ag-shell materials described earlier. That is, in the absence
of a reducing agenn-alkanoic acids should only extract
bimetallic nanoparticles having a Ag shell, which provides a
very convenient analytical method for discriminating between
DENSs having different shell metals.

(64) Templeton, A. C.; Pietron, J. J.; Murray, R. W.; Mulvaney, P. Solvent
Refractive Index and Core Charge Influences on the Surface Plasmon
Absorbance of Alkanethiolate Monolayer-Protected Gold ClusfeiBhys.
Chem. B200Q 104, 564-570.

(65) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Van Duyne, R. P. Chain
Length Dependence and Sensing Capabilities of the Localized Surface
Plasmon Resonance of Silver Nanoparticles Chemically Modified with
Alkanethiol Self-Assembled Monolayer§. Am. Chem. SoQ001, 123
1471-1482.

(66) McFarland, A. D.; Van Duyne, R. P. Single Silver Nanoparticles as Real-

Time Optical Sensors with Zeptomole Sensitividano Lett2003 1057

1062.

Heath, J. R.; Knobler, C. M.; Leff, D. V. Pressure/Temperature Phase

Diagrams and Superlattices of Organically Functionalized Metal Nanocrystal

Monolayers: The Influence of Patrticles Size, Size Distribution, and Surface

PassivantJ. Phys. Chem. B997 101, 189-197.

Korgel, B. A.; Fullam, S.; Connolly, S.; Fitzmaurice, D. Assembly and

Self-Organization of Silver Nanocrystal Superlattices: Ordered “Soft

Spheres’J. Phys. Chem. B998 102, 8379-8388.

(69) Allara, D. L.; Nuzzo, R. G. Spontaneously Organized Molecular Assemblies.

1. Formation, Dynamics, and Physical Propertiesngilkanoic Acids

Adsorbed from Solution on an Oxidized Aluminum Surfat@angmuir

1985 1, 45-52.

Allara, D. L.; Nuzzo, R. G. Spontaneously Organized Molecular Assemblies.

2. Quantitative Infrared Spectroscopic Determination of Equilibrium

Structures of Solution-AdsorbedAlkanoic Acids on an Oxidized Surface

Langmuir1985 1, 52—66.

71) Tao, Y.-T. Structural Comparison of Self-Assembled Monolayers of
n-Alkanoic Acids on the Surfaces of Silver, Copper and AlumindmAm.
Chem. Soc1993 115 4350-4358.

(72) Schlotter, N. E.; Porter, M. D.; Bright, T. B.; Allara, D. L. Formation and
Structure of a Spontaneously Adsorbed Monolayer of Arachidic on Silver
Chem. Phys. Lett1986 132 93—98.

(73) Chau, L.-K.; Porter, M. D. Composition and Structure of Spontaneously
Adsorbed Monolayers of n-Perfluorocarboxylic Acids on Silv€hem.
Phys. Lett.199Q 167, 198-204.

(67)

(70)
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Figure 4. TEM micrographs and particle-size distributions for (a) G6-OH##\g2s4) core/shell DENSs, (b) [As](Ag2s4) core/shell MPCs after extraction
with n-dodecanethiol in hexane, and (c) [#}§Ag2ss) MPCs after extraction witlm-undecanoic acid in hexane.

20 nm

Figure 3c shows UV vis absorption spectra for G6-OH[Ad Figure 4 shows TEM micrographs and particle-size distribu-
(Agn) (n = 95, 254, 450) bimetallic core/shell DENs after tions for the [Aus](Ag2ss) core/shell DENs before and after
extraction with n-undecanoic acid. These extractions were extraction. The average particle size of the G6-OHEXAg254)
carried out in the absence of a reducing agent to ensure theDENSs is 1.9+ 0.3 nm (Figure 4a). Following extraction with
presence of an oxide layer on the nanoparticle surface. Thethe n-alkanethiol in the presence of the reducing agent, the
spectra indicate that as the Ag content of the nanoparticlesparticle size is 1.8t 0.3 nm (Figure 4b). Figure 4c indicates a
increases, the position of the corresponding plasmon band movesize of 1.9+ 0.3 nm after extraction with-undecanoic acid in
to higher energy and thus closer to the wavelength expectedthe absence of the reducing agent. These results are a clear indi-
for a pure Ag nanoparticle. As for the extractions carried out in cation that the particles are not undergoing aggregation or size
the reducing solvent, this trend may indicate that there is somechanges during extraction. Note, however, that the particle sizes
scrambling of the nanoparticle structure. Differences in the way in all cases are smaller than the calculated diameter of 2.3 nm
the n-alkanethiols andn-alkanoic acids interact with the  for [Auss](Agzss) core-shell nanoparticle® 74 At present, we
nanoparticleg! the presence or absence of Ag oxide, and the are unable to offer a satisfying explanation for this discrepancy.
presence or absence of the reducing agent are all likely to
contribute to the differences in the spectra shown in Figure 3b (74 D = Deord1 + (VaglAG)VaJAU])'. Deoe is the diameter of the

experimentally measured Agicore, andVag, Va, and [Ag], [Au] are the
and c. molar volumes and concentrations of Ag and Au, respectively.
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Figure 5. UV —vis absorption spectra of G6-OH(AuAg27.59 seeds and
the G6-OH[Au7 sAg27.4(Auy) (n = 95, 254, 506) series of bimetallic core/
shell DENs (a) before extraction, (b) after extraction witdodecanethiol
in hexane, and (c) after attempted extraction witandecanoic acid in
hexane. The dendrimer concentration wasi@Dfor all the starting DEN
solutions.

We have attempted to synthesize G6-OH{#\g.s4) by the
cocomplexation route to directly compare the extent of extrac-
tion for the core-shell and alloy particles. However, UWis
and TEM analysis reveal a bimodal size distribution of
nanoparticles (1.2= 0.3 nm and 3.9 1.1 nm), which we
believe correspond to pure AUDENs and Ag dendrimer-
stabilized(multiple dendrimers surrounding each nanopatrticle)
nanoparticles, respectively. While this result is clearly interesting

Ag that may be present in a pure AuAg DEN alloy, it made it
impossible to directly compare the products of core/shell and
alloy extractions.

Figure 5a shows U¥vis absorption spectra for G6-OH-
(Auz75Ag27 5 seeds and the G6-OH[AusAg27.4(Aup) (n= 95,
254, 506) series of bimetallic core/shell DENs. Recall that we

used alloy cores in this case because highly monodisperse Ag-

only cores are difficult to prepafé.When the first layer of Au
is added to the alloy core (G6-OH[AtkAg27.d(Augs)) there is
a red shift of the plasmon shoulder from 450 to 495 nm. This

1022 J. AM. CHEM. SOC. = VOL. 127, NO. 3, 2005

is consistent with previous reports, which have shown that
deposition of Au onto Ag seeds results in a red shift and
damping of the Ag plasmon bariéi32 The rapid damping of

the Ag plasmon peak in these systems has been rationalized
either by a broad absorption due to Au at wavelengths below
450 nn?° or interfacial alloying?? The appearance of a single
band is in contrast to the presence of both Ag and Au plasmon
bands for Au-core/Ag-shell materials (vide supra). Further
increases in the Au shell thickness result in continued shifts of
the plasmon band to longer wavelengths and an increase in
absorbance. Both of these observations are consistent with the
development of more Au-like character and have been reported
in the literature’?3° TEM images indicate that the average
diameters of the G6-OH[A4 sA0275(Au,) DENS increased
from 1.5+ 0.6 nm forn = 0 to 2.7+ 0.4 nm forn = 506.

The [Aw7.5Ag274(Auy) core/shell bimetallic nanoparticles can
be extracted from the dendrimer templates using a hexane
solution ofn-dodecanethiol in the presence of excess reducing
agent’> UV—vis spectra of the extracted MPC-RSH[Ag
Adg27.4(Aup) nanoparticles are shown in Figure 5b. The shift in
the plasmon band of the core from 450 nm (before extraction)
to 500 nm (after extraction) with-dodecanethiol is likely due
to changes in the dielectric constant of the solvents (water vs
hexane), as well as the presence oftkedkanethiol stabilizer.
The UV—vis spectra of the core/shell particles after extraction
are remarkably similar to those of the original DENSs, strongly
suggesting that the structure and composition of the bimetallic
particles remain unaltered throughout the extraction process.

The UV—vis absorption spectra in Figure 5¢ show the effect
of vortexing an aqueous [AWsAg27.4(Aun) core/shell DEN
solution with a hexane solution containing 250 nmMindeca-
noic acid. The absence of a plasmon band arising from the
organic phase indicates that extraction does not occur under
these conditions. Importantly, this result confirms the absence
of significant amounts of Ag in the Au shell. Note, however,
that vortexing leads to visible precipitation of the nanoparticles
at the water/hexane interface and that the color of the precipitate
is pink. In contrast, control experiments indicated no precipita-
tion when an aqueous G6-OH(ADEN solution was vortexed
with a hexanei-undecanoic acid organic phase. Thus, we can
rule out the possibility that the interfacial precipitation arises
from association of the-alkanoic acids with the interior amines
of the dendrimerg® The pink color of the precipitate is
consistent with partial aggregation of nanoparticles, but at
present the structure of these aggregates and the reason for their
presence are unknown.

The extraction experiment provides a means for differentiating
between the surface compositions of bimetallic DENs. This is
important because there are few methods for characterizing core/

because it suggests that there is an upper limit to the amount Of_sheII nanoparticles in this size range, and this extraction method

is by far the easiest and perhaps the most direct. Table 1 shows
a summary of the extraction results for AuAg alloy DENs

(75) We have recently found that extraction of Au DENs does not depend on
the presence of NaBtbut rather just a sufficient ionic strength that is
independent of the identity of the ion present. In the studies reported here,
therefore, the role of NaBHis only to increase the ionic strength of the
solution. However, extraction of both Ag-only and Ag-shell DENs does
require the presence of NaBHpresumably due to the requirement that
the native oxide layer must be absent for extraction by thiols. See ref 26
for additional information.

(76) Chechik, V.; Zhao, M.; Crooks, R. M. Self-Assembled Inverted Micelles
from a Dendrimer Template: Phase Transfer of Encapsulated Guests
Am. Chem. Socl999 121, 4910-4911.
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Table 1. Summary of Extraction Results for AuAg Alloys and sociated with elemental analysis of particles in this size range,
[AUss](Agn) and [Auzr.sAgzrsl(Aun) Core/Shell DENs we consider these values to be in general agreement with one
extractant/ RSH/BH,~ RCOOH RCOOH/BH,~ another. Importantly, no monometallic particles were observed
DEN hexane hexane hexane in the population of particles examined.
23 A\ ng ”gg n’Z)O After extraction withn-undecanoic acid, the (AsAJd2s0)
[AJSS?(E’AZ:) zes ies no MPCs were also examined by TEM and single-particle and
[AUuAQ] s5(Aun) yes no no large-area EDS. TEM images of the (AbAg2sg) nanoparticles
after extraction provided an average particle size of2.2.5
#No extraction fom = 41 or 55. nm, which was essentially identical to the average particle size

i of the original G6-OH(AdsoAg2s0) DENs. Quantitative, stan-
formed by the co-complexation method as well as [AUl(AQ) gardless analysis of 10 particles resulted in an average Au

and _[AuAg alloy](Au) core/shell DENs formed by the sequential composition of 614+ 12% and an average Ag composition of
loading method (Scheme 1). All these DENSs could be extracted 39+ 12% (Supporting Information). The postextraction large-

with n-alkanethiols in the presence of Nafgtand conversely 505 Eps revealed a composition of 61% Au and 39% Ag. This
none of them could be extracted withundecanoic acid if 5 yefinitive evidence that the composition of the bimetallic

NaBH; was present. We conclude that extraction with nanoparticles remains the same after extraction witindec-
undecanoic acid requires an oxide layer on the surface of theanoic acid

nanoparticle. Core/shell structures having Ag shells, as well as
Ag-only DENSs, can be quantitatively extracted wittdodec- Summary and Conclusions
anethiol in the presence of a reducing agent and with
undecanoic acid in the absence of a reducing agent. Au DENs
and DENs having Au shells can be extracted with the
alkanethiol in the presence of a reducing agent but do not under
any circumstances undergo extraction witindecanoic acid.
Examination of the extraction of the G6-OH(AAQss—n) (N
= 14, 27.5, and 41) alloy nanoparticles indicates more than 25%
of the atoms in each particle must be Ag for the nanoparticle to
be quantitatively extracted from within the G6-OH dendrimer
with n-alkanoic acids. That is, the (AtAgi4) nanoparticles do
not have sufficient Ag on their surface to undergo extraction
and the particles remain in the aqueous phase, but th@7.5
andn = 14 alloy nanoparticles do extract. It has been reporte
that if two metals are coreduced and one of them is significantly
more noble than the other, then the more noble metal is . S . .
preferentially found at the coré.That is, the alloy structure in !nformanon_ is EXAFS, and for such small particles th'f; method
such cases may not form. If we consider the limiting case, where is challenging and the results are model-depenéfeit’ Ou_r
all of the Au in the G6-OH(Ab; sAg27 9 DENS is in the core, rgsults sh.owled that, in the presence of NaBi-Hodeca}neth[ol
then as much as 65% of the surface atoms could be Ag. will quantitatively extract all forms of AuAg nanoparticles into

Conversely, in the case of G6-OH(AKg14) having a Au core, the organic_ phﬁse- . In the absence of the reducing agent,
only 33% of the surface atoms could be Ag. While this is only n-undecanoic acid will extract only Au-core/Ag-shell nanopar-

a rough estimate based on 42 metal atoms being present in th(—IxiCIes and AuAg alloy nanoparticles having significant Ag on

outermost shell of a 55-atom cluster, it may provide a means '.[hel|r surface. TEM, smglg-parﬂclen EDS, anq BVis S‘“P','es
for determining more precisely the composition of alloy surfaces. indicate that the nanoparticles retain both their composition and
The point is that a selective interaction between nanoparticles

size upon extraction from their dendrimer templates but that
and ligands has the potential to become a major tool for there might be some minor scrambling of the structure of the
structural characterization.

core/shell materials.
We analyzed the elemental composition of individual particles The selective extraction strategy has a number of interesting
before and after extraction to provide additional confidence in

implications. First, it provides a means for characterizing AuAg
the selective extraction experiments. G8-OH{gdg»s) DENs bimetallic nanoparticles that depends entirely on both the
prepared by the cocomplexation route were used for theseS

We have shown that the dendrimer templating approach can
be used to prepare both alloy and core/shell AuAg dendrimer-
encapsulated bimetallic nanoparticles having diameters of about
2 nm. Alloys are prepared by the cocomplexation route, which
involves the simultaneous reduction of Au and Ag salts. Core/
shell nanoparticles are prepared by sequential reduction of two
different metals.

We have also introduced a new tool for characterizing the
chemical composition and structure of nanopatrticles inte
nm size range. This is important because at present no chemical
methods, other than those based on CO adsorptioaye been
d demonstrated effective for distinguishing between core/shell and
alloy nanoparticles in this size range. The only instrumental
method which has been shown to be useful to obtain such

tructure and composition of the particles. Another important

measurements to maximize the signal-to-noise ratio of the EDS ¢onsequence of the selective extraction strategy lies in its
experiments. The average size of these particles determined byPetential use for the purification of ensembles containing
TEM was 2.3+ 0.4 nm, which is comparable to the calculated bimetallic nanoparticles. For example, we envision that under

value of 2.6 nm (see Supporting InformatiéaBingle-particle ) o . .
. K (77) Toshima, N.; Shiraishi, Y.; Shiotsuki, A.; Ikenaga, D.; Wang, Y. Novel
EDS analysis conclusively demonstrated that these G8-OH- synthesis, structure and catalysis of inverted core/shell structured Pd/Pt

i i ifi itati bimetallic nanoclustersEur. Phys. J. D2001, 16, 209-212.
(Au280Agasc) DENS are bimetallic. Specifically, quantitative, (78) Toshima, N.; Harada, M.; Yonezawa, T.; Kushihashi, K.; Asakura, K.

standardless analysis of 10 particles resulted in an average Au Structural Analysis of Polymer-Protected Pd/Pt Bimetallic Clusters as
iti 0 iti Dispersed Catalysts by Usinf Extended X-ray Absorption Fine Structure

composition of §&t 6% and an average Ag composition of 37 Spoctroscopyd. Phys. ChemlooL, 95, 7445- 7453,

+ 6% (Supporting Information). Large-area EDS revealed a (79) Fromen, M. C.; Lecante, P.; Casanove, M. J.; Bayle Guillemaud, O.; Zitoun,

iai 0 0, ~ _ D.; Amiens, C.; Chaudret, B.; Respaud, M.; Benfield, R. E. Structural study
composition of 54% Al_J and 46% Ag_ for the Sajme GS OH of bimetallic CqRh,—x nanoparticles: Size and composition effe¢thys.
(Auzs0Agzs0) sample. Given the low signal-to-noise ratio as- Rev. B 2004 69, 235416.
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certain conditions alloy nanopatrticles could be separated from with TEM and EDS measurements. Single-particle EDS mea-
core/shell particles or from monometallic nanopatrticles that may surements were performed at the Oak Ridge National Laboratory
have formed during the reduction step. We are further exploring SHaRE User Center, which is supported by the Division of

other metal and surfactant combinations to fully realize the Materials Sciences and Engineering, DOE, under Contract DE-
power of this technique for purifying and characterizing the AC05-000R22725 with UT-Battelle, LLC.

smallest of nanoparticles. Supporting Information Available: TEM images and patrticle-

Acknowledgment. We gratefully acknowledge the U. S. size distributions for G6-OH[A|(Agn) (n = 95, 254, and 450)

Department of Energy, DOE-BES Catalysis Science Grant No. bimetallic DENs, photographs demonstrating .extraction of [Au]-
DE-FG02-03ER15471, the Robert A. Welch Foundation, and (Ag) and [AuAg alloy)(Au) core/shell DENs with-undecanoic

the U.S. National Science Foundation (Grant No. 0211068) for a?tldr’ a)?t(: TEMnlan;%esnﬂc 68;10:4(%:’3‘?;82 BE:I\]S _?_ﬁ{orri atn?i I
financial support of this work. We also thank Dr. Zhiping Luo atter extractio -undecanoic ac exane. Jnis materia

of the TAMU Microscopy and Imaging Center and Dr. Edward is available free of charge via the Internet at http://pubs.acs.org.
A. Kenik of the Oak Ridge National Laboratories for assistance JA045224M

1024 J. AM. CHEM. SOC. = VOL. 127, NO. 3, 2005



